Introduction {#tri13581-sec-0001}
============

With the expiry of patents for commonly prescribed immunosuppressive drugs, generic products become commonly available. Generics contain the same effective ingredient dosed in the same way as the innovator drug. Generics seem to be more cost‐efficient since their manufacturers do not need to provide safety and efficacy data; however, for their approval, a proof of bioequivalence and pharmaceutical equivalence to its innovator is mandatory [1](#tri13581-bib-0001){ref-type="ref"}, [2](#tri13581-bib-0002){ref-type="ref"}, [3](#tri13581-bib-0003){ref-type="ref"}, [4](#tri13581-bib-0004){ref-type="ref"}, [5](#tri13581-bib-0005){ref-type="ref"}, [6](#tri13581-bib-0006){ref-type="ref"}, [7](#tri13581-bib-0007){ref-type="ref"}, [8](#tri13581-bib-0008){ref-type="ref"}, [9](#tri13581-bib-0009){ref-type="ref"}, [10](#tri13581-bib-0010){ref-type="ref"}. Generics promote competition and crumbling of prizes, which is of special importance for countries with limited healthcare resources.

Generally, generics are safe alternatives for the treatment of various diseases that are already well‐accepted standard; however, in the past, there were safety concerns in the field of immunosuppression, that is, potential drug interactions and trough level variability [11](#tri13581-bib-0011){ref-type="ref"}.

Tacrolimus (Tac) is the main constituent of most immunosuppressive regimens worldwide. There is little evidence supporting therapeutic equivalence of generic formulations of immunosuppressive medications, including Tac, in solid organ transplantation [12](#tri13581-bib-0012){ref-type="ref"}. There is not only a lack of high‐quality data supporting the equivalence of generic and innovator immunosuppressive drugs but also a lack of data to suggest that they are not equivalent [11](#tri13581-bib-0011){ref-type="ref"}.

Tac lost its patent in 2008. Since then, a number of generic preparations have come to the market. To summarize the available evidence, a systematic review and meta‐analysis of studies on generic versus innovator Tac in adult solid liver (LT) and kidney transplantation (KT) with a special focus on both biopsy‐proven acute rejection (BPAR) and bioequivalence was performed.

Patients and methods {#tri13581-sec-0002}
====================

Literature search strategy {#tri13581-sec-0003}
--------------------------

A comprehensive systematic search of published articles on generic Tac from database inception to August 31, 2018, was performed using PubMed, CENTRAL and Embase (OvidSP). The search was carried out with the assistance of a librarian experienced in systematic reviews*.* A structured search strategy (Appendix [S1](#tri13581-sup-0002){ref-type="supplementary-material"}) was conducted with controlled vocabulary and relevant key terms to enhance sensitivity. The search strategy combined the following search terms: "immunosuppressive OR immunosuppress\*," "generic OR generic tacrolimus OR generic\*," "tacrolimus OR FK506\* OR FK506," and "transplantation OR transplant\*." In addition, reference lists of included papers and previous reviews were reviewed to identify potentially eligible studies.

Study selection {#tri13581-sec-0004}
---------------

First, all abstracts identified by the search strategy after removal of duplicates were independently screened by two investigators (JK and PS). If no abstract was available, the full text was obtained unless the article could be confidently excluded by title alone. Studies reporting on BPAR, which was the primary clinical efficacy outcome, or bioequivalence criteria, specifically area under the curve (AUC) and concentration maximum (*C* ~max~), in adult patients after LT and KT taking generic Tac for immunosuppression were considered. Randomized and non‐randomized studies comparing the generic version of Tac with innovator Tac in parallel groups or with a crossover design were eligible. Case reports, case series, studies including children or animals, and in vitro studies were excluded, as were studies with a before‐after design without a control group.

Conference abstracts collected by hand search (published proceedings) from international transplant congresses (American Transplant Congress (ATC), European Socitey of organ transplantation (ESOT) Congress, Congress of the British transplantation society (BTS), the German Transplant Society (DTG), The Transplantation Society, and the International Liver Transplantation Society (ILTS)) covering the same time period as the literature search were also considered and are presented separately. Any disagreements during the screening process were resolved through discussion among the authors. We obtained the full texts of potentially eligible studies and again determined their suitability based on the selection criteria. Only full‐text papers published in English were assessed.

Data extraction {#tri13581-sec-0005}
---------------

The following information was extracted from all studies: study design, characteristics of the population studied, organ transplanted, number of study participants per group, duration of follow‐up, type of generic Tac formulation used, clinical safety and efficacy parameters as well as BPAR and bioequivalence parameters.

Quality assessment {#tri13581-sec-0006}
------------------

The methodological quality of included randomized trials was evaluated with the Cochrane risk of bias assessment tool [13](#tri13581-bib-0013){ref-type="ref"}. The methodological quality of the non‐randomized included studies was assessed using the Newcastle--Ottawa Quality Assessment Scale for Cohort Studies [14](#tri13581-bib-0014){ref-type="ref"}.

Data synthesis {#tri13581-sec-0007}
--------------

We performed a random‐effects meta‐analysis with inverse variance weighting for each of the three outcomes, BPAR, AUC~0--12~, and *C* ~max~, and the data are presented in forest plots. For BPAR, the risk ratio and the respective 95% confidence interval (CI) for generic versus innovator Tac in each study were estimated from the reported events. If a study observed no event in one of the two groups, 0.5 was added to each count to allow for an estimate [15](#tri13581-bib-0015){ref-type="ref"}. If a study observed no event in either group, no risk ratio was calculable.

For bioequivalence studies, the geometric mean ratios (GMR) of the AUC~0--12~ and *C* ~max~ with the respective 90% CI were extracted and standard errors estimated therefrom. Due to initial heterogeneity, subgroup analyses were conducted for organ transplanted (liver versus kidney) and use (de novo versus conversion).

The analyses were performed using R version 3.5.3, in particular package "meta."

Results {#tri13581-sec-0008}
=======

Literature search {#tri13581-sec-0009}
-----------------

The initial search identified 574 hits, 453 of which remained after the elimination of duplicates. A total of 390 publications were excluded during abstract screening. After the elimination of preliminary reports (2), case reports (3), reviews (25), and studies without a control group (16), 17 studies met the inclusion criteria [16](#tri13581-bib-0016){ref-type="ref"}, [17](#tri13581-bib-0017){ref-type="ref"}, [18](#tri13581-bib-0018){ref-type="ref"}, [19](#tri13581-bib-0019){ref-type="ref"}, [20](#tri13581-bib-0020){ref-type="ref"}, [21](#tri13581-bib-0021){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"}, [23](#tri13581-bib-0023){ref-type="ref"}, [24](#tri13581-bib-0024){ref-type="ref"}, [25](#tri13581-bib-0025){ref-type="ref"}, [26](#tri13581-bib-0026){ref-type="ref"}, [27](#tri13581-bib-0027){ref-type="ref"}, [28](#tri13581-bib-0028){ref-type="ref"}, [29](#tri13581-bib-0029){ref-type="ref"}, [30](#tri13581-bib-0030){ref-type="ref"}, [31](#tri13581-bib-0031){ref-type="ref"}, [32](#tri13581-bib-0032){ref-type="ref"} (Fig. [1](#tri13581-fig-0001){ref-type="fig"}).

![Flow chart depicting the screening and selection process for the systematic review of immunosuppression with generic vs. innovator tacrolimus in liver and kidney transplantation on biopsy‐proven acute rejection or bioequivalence.](TRI-33-356-g001){#tri13581-fig-0001}

### Study characteristics {#tri13581-sec-0010}

Fourteen of the 17 studies that were included in the systematic review used a parallel design and three used a crossover design; however, only five were randomized trials (Table [1](#tri13581-tbl-0001){ref-type="table"}). They were published between 2012 and 2017. Five different Tac generic formulations were used in these 17 studies: Tac Sandoz (Tac Hexal, Adoport, Hercoria) in eight studies, Tac Chong Kun Dang (Tacrobell) in five studies, Tac Teva (Tacni) in two studies, and Tac Dr. Reddy in one study; in one study, the generic formulation was not specified. The studies were conducted in Germany, Italy, US, Norway, UK, Sweden, and South Korea. To have a more complete insight, congress reports that did not proceed to publication in a peer‐reviewed journal have also been carefully reviewed. The 20 identified abstracts are listed in Table [S1](#tri13581-sup-0001){ref-type="supplementary-material"} [33](#tri13581-bib-0033){ref-type="ref"}, [34](#tri13581-bib-0034){ref-type="ref"}, [35](#tri13581-bib-0035){ref-type="ref"}, [36](#tri13581-bib-0036){ref-type="ref"}, [37](#tri13581-bib-0037){ref-type="ref"}, [38](#tri13581-bib-0038){ref-type="ref"}, [39](#tri13581-bib-0039){ref-type="ref"}, [40](#tri13581-bib-0040){ref-type="ref"}, [41](#tri13581-bib-0041){ref-type="ref"}, [42](#tri13581-bib-0042){ref-type="ref"}, [43](#tri13581-bib-0043){ref-type="ref"}, [44](#tri13581-bib-0044){ref-type="ref"}, [45](#tri13581-bib-0045){ref-type="ref"}, [46](#tri13581-bib-0046){ref-type="ref"}, [47](#tri13581-bib-0047){ref-type="ref"}, [48](#tri13581-bib-0048){ref-type="ref"}, [49](#tri13581-bib-0049){ref-type="ref"}, [50](#tri13581-bib-0050){ref-type="ref"}, [51](#tri13581-bib-0051){ref-type="ref"}.

###### 

17 studies comparing generic and innovator tacrolimus and presenting biopsy proven acute rejection or bioequivalence in patients after liver and kidney transplantation

+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Study (Ref.)                                                                                     | Generic product                                        | Study population   | Control group         | Results                                                                                                                                                                                        | AE                                                                                                                             | Follow‐up           | Study design      |
+==================================================================================================+========================================================+====================+=======================+================================================================================================================================================================================================+================================================================================================================================+=====================+===================+
| LT de novo                                                                                       |                                                        | *n* = 191          |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Dannhorn et al. [16](#tri13581-bib-0016){ref-type="ref"}                                         | Tacrolimus Sandoz                                      | 48 LT de novo      | 46 de novo PRG        | Significantly lower Adoport starting dose                                                                                                                                                      | 2 graft losses in PRG group                                                                                                    | 1 year              | Prosp., non‐rand. |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | Greater variability of dose/level ratio during the first 2 weeks                                                                                                                               | 1 death due to chronic rejection in Adoport group                                                                              |                     | NOS: 8            |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | No significant difference of AR, infection, acute kidney injury                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | Similar patient and graft survival                                                                                                                                                             |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | Significant cost saving within first 14 days                                                                                                                                                   |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Yu et al. [17](#tri13581-bib-0017){ref-type="ref"}                                               | Tac                                                    | 57 LDLT de novo    | 57 PRG LDLT           | 8.3% AR PRG group                                                                                                                                                                              | Endocrine, nutritional, gastrointestinal, hepatobiliary disorders                                                              | 26 weeks            | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  | Chong Kun Dang                                         |                    |                       |                                                                                                                                                                                                | no graft loss, no death                                                                                                        |                     | NOS: 7            |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Choi et al. [18](#tri13581-bib-0018){ref-type="ref"}                                             | Tac                                                    | 86 LT de novo      | 81 de novo PRG        | No difference trough levels and dose 1 week after LT                                                                                                                                           | AE: no difference between groups                                                                                               | 53.0 ± 25.52 months | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  | Chong Kun Dang                                         |                    |                       | No difference of variation coefficient for trough levels at 1 and 5 years                                                                                                                      | 68.6%: drug side effects GEN                                                                                                   |                     | NOS: 8            |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                | 76.5% drug side effects PRG; itching: most frequent AE generic group (24.4%), skin rash: most frequent AE in PRG group (35.8%) |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
|                                                                                                  |                                                        |                    |                       | No sign. difference in BPAR rates (17.4% GEN vs. 29.6% PRG, n.s.)                                                                                                                              | No difference rehospitalizations, infections, GFR                                                                              |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
|                                                                                                  |                                                        |                    |                       | Significantly \> patients discontinued/switched immunosuppression in generic group (29.1% vs. 14.8%, *P* = 0.027), nephrotoxicity: most common cause for switch in both groups‐difference n.s. |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| KT de novo                                                                                       |                                                        | *n* = 760          |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Connor et al. [19](#tri13581-bib-0019){ref-type="ref"}                                           | Tacrolimus Sandoz                                      | 51 KT de novo      | 48 KT de novo PRG     | AR (generic): 18%, AR (brand): 17%                                                                                                                                                             | Graft loss (generic): 16%, graft loss (brand): 13%                                                                             | 6 months            | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | similar patient and graft survival, DGF, CNI toxicity, CMV infection                                                                                                                           |                                                                                                                                |                     | NOS: 7            |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Min et al. [20](#tri13581-bib-0020){ref-type="ref"}                                              | Tac                                                    | 54 KT de novo      | 63 KT de novo PRG     | Higher *C* ~max~ and higher AUC with Tacrobell demanded dose reductions                                                                                                                        | NR                                                                                                                             | 9 months            | Prosp. rand.      |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  | Chong Kun Dang                                         |                    |                       | day 10: comparable C~0~, but significantly higher *C* ~max~, and higher AUC~0--12~                                                                                                             |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | 6 months: early and high *C* ~max~, but equivalent                                                                                                                                             |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | dose‐normalized AUC~0--12~                                                                                                                                                                     |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | BPAR 4.8% (generic) vs. 3.7% (brand, *P* \< 0.85)                                                                                                                                              |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | no death, similar renal function (eGFR)                                                                                                                                                        |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Robertsen et al. [21](#tri13581-bib-0021){ref-type="ref"}                                        | Tacrolimus Teva                                        | 25 KT de novo      | 2‐sequence crossover  | Bioequivalence criteria in elderly RT recipients not met (not reflected by C~0~)                                                                                                               | No SAE, similar rates of AE                                                                                                    | 2 weeks             | Prosp. rand.      |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Arns et al. [22](#tri13581-bib-0022){ref-type="ref"}                                             | Tacrolimus Sandoz                                      | 35 (37) KT de novo | 44 KT de novo PRG     | No relevant differences of pharmacokinetic parameters at month 1, 3 and 6                                                                                                                      |                                                                                                                                | 6 months            | Prosp. rand.      |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
|                                                                                                  |                                                        |                    |                       | Similar eGFR and BPAR (5.7% generic vs. 7.9% brand)                                                                                                                                            | Similar AE and SAE (37.1% generic vs. 42.1% brand)                                                                             |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Mellili et al. [23](#tri13581-bib-0023){ref-type="ref"}                                          | Tacrolimus Sandoz                                      | 60 KT de novo      | 60 KT de novo PRG     | AR: 3 of 60 (generic) vs. 8 of 60 (brand)                                                                                                                                                      | NR                                                                                                                             | 6 months            | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | no difference in AR, DGF, renal function, de novo DSA, proteinuria                                                                                                                             |                                                                                                                                |                     | NOS: 8            |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Son et al. [24](#tri13581-bib-0024){ref-type="ref"}                                              | Tac                                                    | 444 KT de novo     | 245 KT de novo PRG    | 5 year‐AR‐free graft survival 67% (generic) vs. 68.8% (brand)                                                                                                                                  | similar AE rates (69% vs. 48%)                                                                                                 | 5 years             | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  | Chong Kun Dang                                         |                    |                       | similar 5‐year patient and graft survival, 5‐year efficacy and safety                                                                                                                          | predom. cardiovascular, cerebrovascular, maligancy, NODAT, infectious                                                          |                     | NOS: 8            |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Lindner et al. [25](#tri13581-bib-0025){ref-type="ref"}                                          | Tacrolimus Teva                                        | 91 KT de novo      | 95 KT de novo PRG     | BPAR: 12% (generic) vs. 14% (PRG)                                                                                                                                                              | SAE: 47.3% (generic) vs. 43.2% (PRG)                                                                                           | 1 year              | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     | NOS: 7            |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
|                                                                                                  |                                                        |                    |                       | Similar GFR, tacrolimus levels, similar patient and graft survival                                                                                                                             | 1 death in Tacni group (not related to study drug)                                                                             |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| LT conversion                                                                                    |                                                        | *n* = 210          |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Vollmar et al. [26](#tri13581-bib-0026){ref-type="ref"}                                          | Tacrolimus Panacea                                     | 25 LT c            | 25 LT PRG             | Similar concentration‐dose ratio, no AR                                                                                                                                                        | No graft loss                                                                                                                  | 6 months            | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | cost‐effective                                                                                                                                                                                 | 17 mild side effects (i.e. gastrointestinal)                                                                                   |                     | NOS: 7            |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Kim et al. [27](#tri13581-bib-0027){ref-type="ref"}                                              | Tacrolimus Chong Kun Dang                              | 149 LT c           | LDLT database         | No significant differences in trough levels, doses, laboratory parameters                                                                                                                      | 65 AE in both groups                                                                                                           | 17.3 months         | Prosp., non‐rand. |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     | NOS: 6            |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
|                                                                                                  |                                                        |                    |                       | 3 AR (generic) vs. 2 AR (brand)                                                                                                                                                                |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Alloway et al. [28](#tri13581-bib-0028){ref-type="ref"}, [a](#tri13581-note-0002){ref-type="fn"} | generic Hi (Tacrolimus Sandoz), generic Lo (Dr. Reddy) | 36 LT c            | 6‐period crossover    | Bioequivalence of generic Hi and generic Lo with innovator tacrolimus and with each other, no AR                                                                                               | NR                                                                                                                             | 8 weeks             | Prosp. rand.      |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | within subject variability for AUC and *C* ~max~ was similar for all 3 products                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | FDA and EMA bioequivalence criteria met                                                                                                                                                        |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | (only exception: innovator versus generic Lo ‐ EMA bioequivalence criteria not met)                                                                                                            |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| KT conversion                                                                                    |                                                        | *n* = 251          |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Alloway et al. [29](#tri13581-bib-0029){ref-type="ref"}                                          | Tacrolimus Sandoz                                      | 68 KT c            | 2‐sequence crossover  | No AR. Correlations between 12 h trough levels and AUC were:                                                                                                                                   | 9 AE (generic) vs. 21 AE (PRG)                                                                                                 | 28 days             | Prosp. rand.      |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
|                                                                                                  |                                                        |                    |                       | *r* = 0.917 for generic tacrolimus and *r* = 0.887 for reference drug at day 28                                                                                                                | No graft loss                                                                                                                  |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Marfo et al. [30](#tri13581-bib-0030){ref-type="ref"}                                            | Generic Tacrolimus                                     | 73 KT c            | 33 KT PRG             | Mean tacrolimus trough levels were similar pre‐ and postconversion                                                                                                                             | No AE, no toxicity                                                                                                             | 1 year              | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | no significant changes in mean serum creatinine values pre‐ and postconversion                                                                                                                 |                                                                                                                                |                     | NOS: 6            |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | \> infections, 1 Ab mediated rejection in generic group                                                                                                                                        |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Heavner et al. [31](#tri13581-bib-0031){ref-type="ref"}                                          | Tacrolimus Sandoz                                      | 36 KT c            | 52 KT PRG             | Similar mean trough concentrations. 1 AR brand group                                                                                                                                           | NR                                                                                                                             | 6 months            | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | no significant difference in dosage adjustments required or trough tacrolimus levels                                                                                                           |                                                                                                                                |                     | NOS: 7            |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Hauch et al. [32](#tri13581-bib-0032){ref-type="ref"}                                            | Tacrolimus Sandoz                                      | 39 KT c            | 159 KT PRG (historic) | 20% +/− change in trough levels, needing more dose adjustments (*P* \< 0.038)                                                                                                                  |                                                                                                                                | 1 year              | Retrosp.          |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | in the first year after transplantation                                                                                                                                                        |                                                                                                                                |                     | NOS: 6            |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | \> AR: 23.1% (generic) vs. 10.2% (brand) at 1 yr., no difference AR at 6 months, no difference chron.rejection, more costs in generic group                                                    |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+
| Alloway et al. [28](#tri13581-bib-0028){ref-type="ref"}, [a](#tri13581-note-0002){ref-type="fn"} | generic Hi (Tacrolimus Sandoz), generic Lo (Dr. Reddy) | 35 KT c            | 6‐period crossover    | Bioequivalence of generic Hi and generic Lo with innovator tacrolimus and with each other, no AR                                                                                               | NR                                                                                                                             | 8 weeks             | Prosp. rand.      |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | within subject variability for AUC and *C* ~max~ was similar for all 3 products                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       |                                                                                                                                                                                                |                                                                                                                                |                     |                   |
|                                                                                                  |                                                        |                    |                       | FDA and EMA bioequivalence criteria met (only exception: innovator versus generic Lo ‐ EMA bioequivalence criteria not met)                                                                    |                                                                                                                                |                     |                   |
+--------------------------------------------------------------------------------------------------+--------------------------------------------------------+--------------------+-----------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------------------------------------------------------------------------------------------------------------------+---------------------+-------------------+

LT liver transplantation, KT kidney transplantation, LDLT living donor liver transplantation, c conversion, Tac tacrolimus, PRG Prograf, GEN generic tacrolimus, AR acute rejection, AE adverse events, SAE serious adverse events, DSA donor‐specific antibodies, DGF delayed graft function, CNI calcineurin inhibitor, CMV cytomegalovirus, NR not reported, and NOS Newcastle--Ottawa Scale.

Studies including LT and KT recipients.

John Wiley & Sons, Ltd

### Study quality {#tri13581-sec-0011}

Study quality of the 12 non‐randomized studies according to the Newcastle--Ottawa scale was 8 (out of a maximum of 9) in four of the studies, 7 in 5 of them, and 6 in 3 (Table [1](#tri13581-tbl-0001){ref-type="table"}). There were 2 prospective non‐randomized interventional studies and 10 retrospective observational studies. Potential confounders like dose adjustments were often not outlined.

The methodological quality of the five included randomized studies is presented in a risk of bias summary (Fig. [2](#tri13581-fig-0002){ref-type="fig"}). As summarized there, the methodological quality was generally poor; performance bias was detected in 80% and attrition bias in 40% of the analyzed RCTs, whereas detection bias was mostly unclear.

![Risk of bias summary: review authors' judgement about the risk of bias for each included randomized controlled trial.](TRI-33-356-g002){#tri13581-fig-0002}

The follow‐up times ranged from 2 weeks to 53 ± 25.52 months.

### Biopsy‐proven acute rejection {#tri13581-sec-0012}

Five studies including 365 patients after LT (191 de novo, 174 conversion) and nine studies including 883 patients after KT (735 de novo, and 148 conversion) compared BPAR of patients on generic Tac with those on innovator Tac after LT or KT, all of them in a parallel design (Table [1](#tri13581-tbl-0001){ref-type="table"}). However, only two of those studies were randomized controlled trials [20](#tri13581-bib-0020){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"} and a further two were non‐randomized prospective studies [16](#tri13581-bib-0016){ref-type="ref"}, [27](#tri13581-bib-0027){ref-type="ref"}. Risk ratios for BPAR rates of patients on generic Tac versus innovator Tac were compared in a forest plot stratified visually by organ and study design (Fig. [3](#tri13581-fig-0003){ref-type="fig"}). Only one study after KT conversion found a significant difference between generic and innovator Tac favoring innovator Tac [32](#tri13581-bib-0032){ref-type="ref"}, while one in KT de novo found a significant benefit of generic Tac [24](#tri13581-bib-0024){ref-type="ref"}. Two further crossover studies including 103 patients after KT and 36 patients after LT [28](#tri13581-bib-0028){ref-type="ref"}, [29](#tri13581-bib-0029){ref-type="ref"} conversion did not report any BPAR event. Pooling the results in a meta‐analysis, the estimate for the risk ratio was 0.84 (*n* = 2369, 95% CI: 0.65--1.09) and there was low heterogeneity (*I* ^2^ = 16%, *P* = 0.28). When stratifying by organ, the pooled estimate for LT studies was 0.65 (*n* = 703, 95% CI: 0.41--1.03) and that of KT studies 0.93 (*n* = 1666, 95% CI: 0.67--1.31), showing no significant differences between generic and innovator Tac in either subgroup. Performing a subgroup analysis on de novo use versus conversion no residual heterogeneity remained (*I* ^2^ = 0%, *P* = 0.81). The pooled estimate for de novo use was 0.75 (*n* = 1659, 95% CI: 0.63--0.90), significantly favoring generic Tac, whereas the pooled estimate for conversion studies was 1.93 (*n* = 710, 95% CI: 1.00--3.70), favoring innovator Tac (Figs [3](#tri13581-fig-0003){ref-type="fig"} and [4](#tri13581-fig-0004){ref-type="fig"}).

![Forest plot of studies comparing risk of biopsy‐proven acute rejection between generic and innovator tacrolimus -- stratified by organ transplanted.](TRI-33-356-g003){#tri13581-fig-0003}

![Forest plot of studies comparing risk of biopsy‐proven acute rejection between generic and innovator tacrolimus -- stratified by use.](TRI-33-356-g004){#tri13581-fig-0004}

### Bioequivalence {#tri13581-sec-0013}

There were three crossover (25 patients de novo KT, 139 patients conversion LT and KT) and two parallel design studies (79 patients de novo KT), all RCTs, reporting the primary pharmacokinetic outcome of *C* ~max~ and AUC~0--12~ (Fig. [5](#tri13581-fig-0005){ref-type="fig"}) [20](#tri13581-bib-0020){ref-type="ref"}, [21](#tri13581-bib-0021){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"}, [28](#tri13581-bib-0028){ref-type="ref"}, [29](#tri13581-bib-0029){ref-type="ref"}. Three prospective randomized pharmacokinetic studies in KT were conducted with de novo generic Tac [20](#tri13581-bib-0020){ref-type="ref"}, [21](#tri13581-bib-0021){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"} (one study including a crossover substudy), and one after conversion [29](#tri13581-bib-0029){ref-type="ref"}. Arns et al. [22](#tri13581-bib-0022){ref-type="ref"} reported similar pharmacokinetics for Tac Sandoz as compared with innovator Tac after KT, but EMA bioequivalence criteria were not met. Also, Tac Teva did not meet the bioequivalence criteria in elderly KT recipients with a shorter time to *C* ~max~ [21](#tri13581-bib-0021){ref-type="ref"}, and Tac Chong Kun Dang showed higher dose‐normalized *C* ~max~ and AUC~0--12~ than the innovator [20](#tri13581-bib-0020){ref-type="ref"}. In 1 KT conversion study with a crossover design, the 90% CIs of the ratio generic/innovator for AUC~0--12~ were within the EMA bioequivalence acceptance criteria and the 90% CIs of the ratio generic/innovator for *C* ~max~ were within the FDA bioequivalence acceptance criteria [29](#tri13581-bib-0029){ref-type="ref"}. One prospective randomized 3‐treatment 6‐period crossover pharmacokinetic study on the switch of innovator to two generic Tac formulations (Tac Sandoz and Tac Dr. Reddy) showed bioequivalence in both KT and LT recipients, except for the conversion from innovator Tac to Tac Dr. Reddy according to EMA bioequivalence criteria [28](#tri13581-bib-0028){ref-type="ref"}. No BPAR event has been reported after conversion to generic Tac in both KT and LT patients (Table [1](#tri13581-tbl-0001){ref-type="table"}). In summary, 33.3% (1/2 LT, 2/7 KT) of (sub)studies show bioequivalence of generics for AUC~0--12~, and 55.6% according to the *C* ~max~ (2/2 LT, 3/7 KT). Two further studies (one each LT and KT) were almost entirely within range regarding AUC~0--12~. Pooling GMR and 90% CI of the AUC~0--12~, the combined estimate of all studies was 106.3 (*n* = 461, 95% CI: 103.8--108.7), which is within the bioequivalence acceptance interval of 90.00--111.11, and there was low heterogeneity (*I* ^2^ = 9%, *P* = 0.27). The subgroup analysis by organ yielded similar estimates for LT (105.8, *n* = 72, 95% CI: 102.4--109.2) and KT studies (106.9, *n* = 389, 95% CI: 102.9--110.8). The subgroup analysis on de novo use versus conversion revealed substantial differences between the subgroups. Whereas studies on de novo use did not fulfill EMA requirements for bioequivalence (115.2, *n* = 185, 95% CI: 107.6--122.8), conversion studies were well within the required limits (105.3, *n* = 276, 95% CI: 103.0--107.7) (Figs [5](#tri13581-fig-0005){ref-type="fig"} and [6](#tri13581-fig-0006){ref-type="fig"}).

![Forest plot of studies comparing geometric mean ratio of AUC~0--12h~ between generic and innovator tacrolimus -- stratified by organ transplanted. The EMA bioequivalence acceptance interval of 90.00--111.11 is displayed shaded in gray.](TRI-33-356-g005){#tri13581-fig-0005}

![Forest plot of studies comparing geometric mean ratio of AUC~0--12h~ between generic and innovator tacrolimus -- stratified by use. The EMA bioequivalence acceptance interval of 90.00--111.11 is displayed shaded in gray.](TRI-33-356-g006){#tri13581-fig-0006}

For *C* ~max~, the combined estimate of all studies was 114.9 (*n* = 461, 95% CI: 108.0--121.8), which is within the bioequivalence acceptance interval of 80.00--125.00. However, there was substantial heterogeneity (*I* ^2^ = 69%, *P* \< 0.01). When stratifying by organ, there were differences between LT studies, which albeit few in number were within the required limits (108.6, *n* = 72, 95% CI: 103.3--113.8), and KT studies, which exceded the upper limit (119.7, *n* = 389, 95% CI: 108.7--130.7). However, there was substantial heterogeneity in both subgroups and thus the residual heterogeneity was unchanged (*I* ^2^ = 70%, *P * \<0.01). The initial heterogeneity could be explained performing a subgroup analysis on de novo use versus conversion which resulted in no residual heterogeneity (*I* ^2^ = 0%, *P* = 0.62). Whereas de novo studies with a GMR of 142.4 (*n* = 185, 95% CI: 126.4--158.3) did not fulfill the requirements for bioequivalence, conversion studies with a GMR of 108.9 (*n* = 276, 95% CI: 105.6--112.2) did (Figs [7](#tri13581-fig-0007){ref-type="fig"} and [8](#tri13581-fig-0008){ref-type="fig"}).

![Forest plot of studies comparing geometric mean ratio of *C* ~max~ between generic and innovator tacrolimus -- stratified by organ transplanted. The EMA bioequivalence acceptance interval of 80.00--125.00 is displayed shaded in gray.](TRI-33-356-g007){#tri13581-fig-0007}

![Forest plot of studies comparing geometric mean ratio of *C* ~max~ between generic and innovator tacrolimus -- stratified by use. The EMA bioequivalence acceptance interval of 80.00--125.00 is displayed shaded in gray.](TRI-33-356-g008){#tri13581-fig-0008}

Further study outcomes {#tri13581-sec-0014}
----------------------

### Patient and graft survival {#tri13581-sec-0015}

Similar patient and graft survival was reported in the selected studies. Graft loss was reported in two of the de novo studies after KT: in eight patients (15.7%) versus six patients (12.5 %) after generic and innovator Tac, respectively [19](#tri13581-bib-0019){ref-type="ref"}, and the Spartacus trial revealed 0% graft loss versus 2.6% (one patient) with generic and innovator Tac after KT, respectively [22](#tri13581-bib-0022){ref-type="ref"}. Furthermore, there were 2 (4.3%) versus no graft losses reported with de novo innovator Tac after LT [16](#tri13581-bib-0016){ref-type="ref"}. More drug level variability and dose adjustments necessary during the first weeks after transplantation in de novo use and also after conversion was reported [16](#tri13581-bib-0016){ref-type="ref"}, [20](#tri13581-bib-0020){ref-type="ref"}, [32](#tri13581-bib-0032){ref-type="ref"}, [40](#tri13581-bib-0040){ref-type="ref"}, [41](#tri13581-bib-0041){ref-type="ref"}, [42](#tri13581-bib-0042){ref-type="ref"}, [46](#tri13581-bib-0046){ref-type="ref"}.

Congress reports that did not proceed to publication in a peer‐reviewed journal have been carefully reviewed with similar results, that is, similar BPAR rates and safety profiles as well as higher variability of dose/level ratio in the early phase after transplantation.

### Costs {#tri13581-sec-0016}

One de novo study with generic Tac evaluated cost‐effectiveness and reported cost savings within the first 14 days [16](#tri13581-bib-0016){ref-type="ref"}. One conversion study indicated higher costs with generic Tac due to monitoring and hospitalization [32](#tri13581-bib-0032){ref-type="ref"}, whereas one conference abstract [49](#tri13581-bib-0049){ref-type="ref"} confirmed cost‐effectiveness.

Discussion {#tri13581-sec-0017}
==========

The narrow therapeutic index of Tac [52](#tri13581-bib-0052){ref-type="ref"} and the potential severe adverse consequences of subtherapeutic or toxic concentrations necessitate close monitoring of patients' exposure to the drug. Great experience with the innovator Tac has been achieved with excellent clinical outcomes. Both Tac pivotal trials [53](#tri13581-bib-0053){ref-type="ref"} and trials with the innovator Tac in combination with other immunosuppressive agents to further develop immunosuppressive regimen for best possible clinical outcome after LT and KT have led to a very familiar and confident use of the innovator Tac [54](#tri13581-bib-0054){ref-type="ref"}. When generic Tac became available there was no need to shift from the long‐lasting standard with innovator Tac to a protocol with generic Tac for most centers or patients. This was especially important since both the grafts' and patients' survival highly depend on reliable immunosuppression. Moreover, there was limited experience with generic Tac in these days.

In contrast to the innovator drug, no pivotal trials that enable physicians to gain experience with new formulas are mandatory. Approval for generics is given after demonstration of their bioequivalence to its innovator. None of the regulatory agencies require the demonstration of bioequivalence with any other approved generic formulation, which seems to be a potential shortcoming of the current generic approval process. Following approval, generic manufacturers generally do not fund clinical trials to test their generic products against the reference or other generic products [55](#tri13581-bib-0055){ref-type="ref"}. All of this did not help to introduce generic Tac to a large patient cohort.

Despite these facts academically driven studies have been performed with generic Tac over the past years. Many of these datasets have been carefully put together by many scientific societies and transplant organisations to provide opinion statements on the use of generic immunosuppression. The most important statements of the American Society of Transplantation [56](#tri13581-bib-0056){ref-type="ref"}, International Society for Heart & Lung Transplantation [57](#tri13581-bib-0057){ref-type="ref"}, The Kidney Disease Improving Global Outcomes Society (KDIGO) [58](#tri13581-bib-0058){ref-type="ref"}, European Society for Organ Transplantation [9](#tri13581-bib-0009){ref-type="ref"}, and the Canadian Society of Transplantation [12](#tri13581-bib-0012){ref-type="ref"} can be summarized as follows: (i) there is strong recommendation on the patients' education to avoid an unintended switch between generic and innovator formulations, (ii) conversion between generic and innovator immunosuppressants should be avoided or at least limited to specialized transplant physicians, and (iii) any conversion should be accompanied by strict follow‐up and monitoring [9](#tri13581-bib-0009){ref-type="ref"}, [12](#tri13581-bib-0012){ref-type="ref"}, [56](#tri13581-bib-0056){ref-type="ref"}, [57](#tri13581-bib-0057){ref-type="ref"}, [58](#tri13581-bib-0058){ref-type="ref"}.

Since publication of the most recent position statement by the Canadian Society of Transplantation in 2012, the use of generic immunosuppressants has become routine in many centers all over the world [59](#tri13581-bib-0059){ref-type="ref"}, and several high‐quality RCTs have been published [20](#tri13581-bib-0020){ref-type="ref"}, [21](#tri13581-bib-0021){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"}, [28](#tri13581-bib-0028){ref-type="ref"}, [29](#tri13581-bib-0029){ref-type="ref"} together with both a considerable number of observational studies (Table [1](#tri13581-tbl-0001){ref-type="table"}) and congress reports (Table [S1](#tri13581-sup-0001){ref-type="supplementary-material"}). Therefore, guidelines could be updated based on the current knowledge on the safety and efficacy of generic immunosuppression after transplantation.

Most of the recent studies have focused on generic Tac with special focus on BPAR rates and both patients' and grafts' survival, which are most important. Furthermore, there is outcome associated data available on drug levels (*C* ~max~, c~0~, AUC, dose/level ratio, dose adjustments necessary), laboratory values for graft function, safety/efficacy, bioequivalence and on cost savings. However, there is still a lack of grade 1b level prospective RCTs in target populations according to EBM. The available evidence is mainly retrospective, from case reports, or from studies that are either underpowered, have no appropriate control group, analyze trough concentrations only, lack an analysis of confounders (comedications, comorbidities), or use nonspecific immunoassays to assess Tac concentrations.

Thus, this study was designed to provide an overview on the current body of evidence by performing both a systematic review on BPAR, reflecting the clinical safety and efficacy of generic Tac use, on the one hand and on bioequivalence in target populations, to address the concerns reflected by the current position statements of the Transplant Societies as mentioned above, on the other.

BPAR rates {#tri13581-sec-0018}
----------

A few studies on generic Tac have been performed on BPAR rates [16](#tri13581-bib-0016){ref-type="ref"}, [17](#tri13581-bib-0017){ref-type="ref"}, [18](#tri13581-bib-0018){ref-type="ref"}, [19](#tri13581-bib-0019){ref-type="ref"}, [20](#tri13581-bib-0020){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"}, [23](#tri13581-bib-0023){ref-type="ref"}, [24](#tri13581-bib-0024){ref-type="ref"}, [25](#tri13581-bib-0025){ref-type="ref"}, [26](#tri13581-bib-0026){ref-type="ref"}, [27](#tri13581-bib-0027){ref-type="ref"}, [30](#tri13581-bib-0030){ref-type="ref"}, [31](#tri13581-bib-0031){ref-type="ref"}, [32](#tri13581-bib-0032){ref-type="ref"}, whereas five studies found risk ratios favoring innovator Tac and eight studies favoring generic Tac, CIs were often wide due to the low sample sizes. Only one study each found a significant benefit of innovator and generic Tac. However, none of these studies was designed to show equivalence or non‐inferiority of the generic Tac, whereas pooling the results of all studies showed no significant differences between innovator and generic Tac, after stratifying by use studies on de novo use significantly favored the generic and studies on conversion favored the innovator Tac.

How likely is it to see more RCTs on BPAR with generic Tac in the future? Protocol biopsies for exact monitoring of the immune situation after KT are done in some centers. This is in contrast to the practice after LT. Thus, these parameters are more commonly available after KT and more studies are available for the switch or de novo use of generic Tac after KT in general. Since protocol biopsies are not commonly performed after LT it is more sophisticated to specify AR episodes after LT with less evidence for BPAR episodes after LT. Biopsies are only performed in exceptional cases since clinicians mostly rely on standard liver values and clinical performance [16](#tri13581-bib-0016){ref-type="ref"}. Based on these facts, it is unlikely to see more RCTs on generic Tac with focus on BPAR.

Apart from that, large sample sizes would be needed, and additional costs would arise.

Bioequivalence {#tri13581-sec-0019}
--------------

Among the five RCTs [20](#tri13581-bib-0020){ref-type="ref"}, [21](#tri13581-bib-0021){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"}, [28](#tri13581-bib-0028){ref-type="ref"}, [29](#tri13581-bib-0029){ref-type="ref"} demonstrating comparable safety and efficacy of generic Tac and its innovator, there are two parallel design studies [20](#tri13581-bib-0020){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"} in KT patients and three crossover studies on bioequivalence, two after KT [21](#tri13581-bib-0021){ref-type="ref"}, [29](#tri13581-bib-0029){ref-type="ref"} and one study combining a cohort of patients after LT and KT [28](#tri13581-bib-0028){ref-type="ref"}, the two latter clearly showing bioequivalence between two generic Tac themselves and their innovator. The other studies did not demonstrate bioequivalence according to EMA criteria. Interestingly, in one trial, the bioequivalence criteria have not been met in elderly patients after KT [21](#tri13581-bib-0021){ref-type="ref"}. One parallel design study [22](#tri13581-bib-0022){ref-type="ref"} was underpowered, and so unable to demonstrate bioequivalence. The combined estimate for the GMR was within the EMA bioequivalence acceptance range for both AUC~0--12~ and *C* ~max~. However, when stratifying for de novo use and conversion, which resulted in homogeneous subgroups, conversion studies showed bioequivalence, with only one study being clearly outside the limits, whereas all three de novo studies did not meet bioequivalence criteria for the AUC as well as for the *C* ~max.~ Of the three de novo studies, one was a crossover study with a relatively small sample size [21](#tri13581-bib-0021){ref-type="ref"}. Although the CIs for this study were not too wide, that for *C* ~max~ was totally outside the acceptance interval and that of the AUC barely touched it. The remaining two de novo studies had a parallel design [20](#tri13581-bib-0020){ref-type="ref"}, [22](#tri13581-bib-0022){ref-type="ref"}; they had small sample sizes and thus wide CIs but were not actually designed to show bioequivalence.

Further study outcomes {#tri13581-sec-0020}
======================

Patient and graft survival {#tri13581-sec-0021}
--------------------------

Similar patient and graft survival was reported in most of the studies. Graft performance was reported in most of the studies indicated by laboratory findings. Markers of graft function like serum creatinine and liver enzymes were measured at different time points in each study; however, there were no differences in serum creatinine or liver enzymes between generic and innovator arms in any of the studies. Since methods of measurement and timepoints samples were taken from patients were different in every study, data are not comparable.

Graft loss was reported in two of the de novo studies after KT: in eight patients (15.7%) versus six patients (12.5 %) after generic and innovator Tac, respectively [19](#tri13581-bib-0019){ref-type="ref"}, and the Spartacus trial revealed 0% graft loss versus 2.6% (one patient) with generic and innovator Tac after KT, respectively [22](#tri13581-bib-0022){ref-type="ref"}. Furthermore, there were 2 (4.3%) versus no graft losses reported with de novo innovator Tac after LT [16](#tri13581-bib-0016){ref-type="ref"}.

Many studies reported dose/level ratio and dose titrations after the introduction of generic immunosuppressive medications. It was remarkable that quite a few studies reported more drug level variability and dose adjustments necessary during the first weeks after transplantation in de novo use and also after conversion [16](#tri13581-bib-0016){ref-type="ref"}, [20](#tri13581-bib-0020){ref-type="ref"}, [32](#tri13581-bib-0032){ref-type="ref"}, [40](#tri13581-bib-0040){ref-type="ref"}, [41](#tri13581-bib-0041){ref-type="ref"}, [42](#tri13581-bib-0042){ref-type="ref"}, [46](#tri13581-bib-0046){ref-type="ref"}. Most importantly, these findings were not associated with any negative effects on clinical outcome.

Congress reports that did not proceed to publication in a peer‐reviewed journal have also been carefully reviewed with similar results, that is, similar BPAR rates and safety profiles as well as higher variability of dose/level ratio in the early phase after transplantation (Table [S1](#tri13581-sup-0001){ref-type="supplementary-material"}).

Costs {#tri13581-sec-0022}
-----

According to patient surveys, cost is a considerable barrier to immunosuppressant adherence in healthcare systems not covering these costs in an adequate manner, which would be crucial in order to preserve graft function. One de novo study with generic Tac evaluated cost‐effectiveness and reported cost savings within the first 14 days [16](#tri13581-bib-0016){ref-type="ref"}, whereas one conversion study indicated higher costs with generic Tac due to monitoring and hospitalization [32](#tri13581-bib-0032){ref-type="ref"}, whereas one conference abstract [49](#tri13581-bib-0049){ref-type="ref"} confirmed cost‐effectiveness.

Study quality {#tri13581-sec-0023}
-------------

The majority of the included studies were observational and prospective non‐randomized, and five studies were randomized. The methodological quality of these studies was generally poor, with mostly small sample sizes, holding a serious risk of bias and its consequences on the validity of the results, which have to be interpreted with caution.

Limitations of this work are (i) combining interventional and observations studies holding potentially more risk of bias and confounding, and (ii) insufficient data for long‐term outcomes (follow‐up \> 1 year). Therefore, this study was unable to address the effect of generic tacrolimus on long‐term BPAR sufficiently. Only few of the studies reported the 90% confidence intervals for AUC~0--12~ and *C* ~max~ geometric mean ratios as standard criteria for bioequivalence, and those were partially underpowered for the demonstration of bioequivalence. Only one study included in the systematic review investigated the null‐hypothesis that the generic was inferior to the innovator tacrolimus [24](#tri13581-bib-0024){ref-type="ref"}, the other studies did not.

Conclusion {#tri13581-sec-0024}
==========

The systematic review of immunosuppression with generic and innovator Tac in the prevention of BPAR in adult LT and KT did not reveal a difference. There is some evidence suggesting lower BPAR risk with generic Tac for de novo use. However, the current evidence is mostly based on observational data and the remaining studies showed some risk of bias. Bioequivalence regarding AUC~0--12~ and *C* ~max~ was demonstrated primarily in studies on conversion. Generic products have the potential to reduce costs for payers, patients, and healthcare systems [58](#tri13581-bib-0058){ref-type="ref"} and potentially account for greater adherence in heathcare systems where patients are required to cover costs for immunosuppression to a relevant amount themselves. High‐quality studies with adequate study cohorts and follow‐up times are warranted to facilitate updates of transplant society position statements on generic immunosuppressant use [60](#tri13581-bib-0060){ref-type="ref"}.
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